Abstract: Dehydroabietic acid (DHA) is a naturally occurring diterpene with different and relevant biological activities. Previous studies have shown that some DHA derivatives display antiproliferative activity. However, the reported compounds did not include triazole derivatives. Starting from DHA (8,11,13-abietatrien-18-oic acid), and its alcohol dehydroabietinol (8,11,13-abietatrien-18-ol), four alkyl esters were prepared. The alkyl terpenes were treated with different aromatic azides to synthesize hybrid compounds using click chemistry. Some 16 new DHA hybrids were thus synthesized and their structures were confirmed by spectroscopic and spectrometric means. The antiproliferative activity of the new compounds was assessed towards human cell lines, namely normal lung fibroblasts (MRC-5), gastric epithelial adenocarcinoma (AGS), lung cancer (SK-MES-1) and bladder carcinoma (J82) cells. Better antiproliferative effect was found for compound 5, with an IC 50 of 6.1 μM and selectivity on SK-MES-1 cells. Under the same experimental conditions, the IC 50 of etoposide, was 1.83 µM.
Introduction
Synthesis or modification of known anticancer drugs is an important aspect of research. However, to date a vast amount of synthetic work has contributed to relatively small improvements over the OPEN ACCESS
Results and Discussion
Starting from DHA and its alcohol, four alkyl esters were prepared and then treated with different aromatic azides using click chemistry to produce 16 hybrid abietane-triazole compounds (Schemes 1 and 2). The new compounds were obtained in moderate to good yields. The method proved to be suitable to obtain series of derivatives from diterpenes and can be applied to other natural products to increase structural diversity. Compounds 1-16 are described for the first time. The structures of all the compounds were confirmed by spectroscopic and spectrometric means. The compounds were then assessed for antiproliferative activity towards the following human cell lines: normal lung fibroblasts (MRC-5), gastric epithelial adenocarcinoma (AGS), lung cancer (SK-MES-1) and bladder carcinoma (J82) cells. IC 50 values > 100 µM were considered inactive (Table 1) . Among the triazoles prepared with the diterpene acid, the derivatives 1 and 4 presented antiproliferative activity towards all of the selected cell lines. The effect, however, is low. Compounds 2 and 3, differing in the number of CH 2 groups of the linker or in the aromatic moiety were inactive against MRC-5 and SK-MES1cells. When comparing the pairs 1-2 and 3-4 bearing one or two CH 2 units as linkers, the effect of 1 was higher than that of 2, suggesting that a longer chain decreases activity when R is a phenyl group. However, an opposite effect was found for the methyl phenyl sulfide derivatives. The best compound of this group was the derivative 4, with a (CH 2 ) 2 linker and a methyl phenyl sulfide substituent in the triazole ring. More derivatives with longer linker chains need to be prepared to have a clearer picture of the effect of this structural feature on the antiproliferative effect.
The compounds 5-16, were prepared with the diterpene alcohol. Among them, the compounds 11-14 were inactive. All of them contain electron donors such as a methoxy group or a chlorine atom in the aromatic ring. Compounds 7 and 8 showed similar activity against AGS, SK-MES-1 and J82 cells and were inactive against fibroblasts, showing a good selectivity. This fact suggests that the length of the CH 2 linker from 1 to 3 units do not have a relevant influence in the antiproliferative activity. The same trend was observed for the products 9 and 10, differing in the linker. For the pair 15 and 16, the best effect was observed for compound 16 with a longer linker. Overall the activity for the compounds should be considered as moderate.
The hybrid compound 5 with a phenyl ring was the most active product designed in this study, presenting IC 50 values of 17.1 and 6.1 µM against MRC-5 and SK-MES-1 cells. The compound differs from 1 in the identity of the diterpene moiety and in the nature of the linker. In the slightly active compound 1, the diterpene is a carboxylic acid, while in 5, the terpene moiety is an alcohol. The effect of compound 5 was associated with some selectivity against the SK-MES-1 cells. The SK-MES-1 are lung cancer cells (HTB-58) derived from metastatic site. The selectivity of compound 5 towards SK-MES-1 cells suggest potential of the compound against lung cancer cells and encourages further studies using in vivo models. The difference in effect of compound 5 and 7 against SK-MES-1 cells can be related to the differences in the phenyl vs. benzyl ring in the triazole moiety. However, the effect is inverse for J82 bladder carcinoma cells. In summary, the new compounds present different degrees of antiproliferative activity, with derivative 5 displaying relevant effect against lung cancer cell line SK-MES-1, with an IC 50 value of 6.1 µM. Under the same experimental conditions, the IC 50 value of etoposide was 1.83 µM.
Experimental

General Procedures
Melting points were determined on a Koffler hot stage apparatus (Electrothermal 9100, Dubuque, IA, USA) and were uncorrected. Optical rotations were measured on a Jasco DIP 370 (Jasco Analytical Instruments, Easton, MD, USA) polarimeter in CHCl 3 at 20 °C. IR spectra were recorded on a Nicolet Nexus 470 FT-IR instrument (Thermo Electron Corporation, Whaltham, MA, USA). The NMR spectra were recorded on a Bruker Avance 400 (Bruker, Rheinstetten, Germany) spectrometer at 400 MHz for 1 H and 100 MHz for 13 C in CDCl 3 . Chemical shifts are given in ppm with TMS as the internal standard. High-resolution mass spectra were measured on a VG Micromass ZAB-2F at 70 eV (Varian Inc., Palo Alto, CA, USA). Merck silica gel (0.063-0.2) was used for column chromatography (CC), pre-coated Si gel plates (Merck, Kieselgel 60 F 254 , 0.25 mm) were used for TLC analysis. TLC spots were visualized by spraying the chromatograms with p-anisaldehyde-ethanol-acetic acid-H 2 SO 4 (2:170:20:10 v/v) and heating at 110 °C for 3 min. Reagents: N,N-Dicyclohexylcarbodiimide (DCC) and dimethylaminopyridine (DMAP) were from Merck (Schuchardt, Germany). Propargyl alcohol, 3-butyn-1-ol, 4-pentynoic acid and 6-heptynoic acid were from Aldrich (Steinheim, Germany). Aromatic azides were from Aldrich. Copper (II) sulphatepentahydrate was from Aldrich (St. Louis, MO, USA) and sodium ascorbate was from Sigma (St. Louis, MO, USA).
Obtention of Dehydroabietic Acid Derivatives
Dehydroabietic acid (DHA) was obtained from commercial rosin as described previously [22] . Some 300 g of rosin with 300 mg of 5% Pd/C were heating at 280 °C under a constant flow of N 2 for 2 h. The generated crude product was purified by CC on silica gel with petroleum ether-ethyl acetate (8:2) to obtain dehydroabietic acid as colorless crystals after recrystallization in MeOH/H 2 O (164 g, 55% w/w yield). DHA was methylated with a solution of CH 2 N 2 in ethyl ether to afford the corresponding dehydroabietic acid methyl ester (94%). Reduction of the methyl ester with LiAlH 4 in dry tetrahydrofuran at reflux gave dehydroabietinol (78% yield).
Preparation of Alkynyl Esters
Esterification of DHA and dehydroabietinol was performed using DCC/DMAP and appropriate alcohol (propargyl alcohol or 3-butyn-1-ol) or acid (4-pentynoic acid or 6-heptynoic acid) according to reference [18] . Briefly, DHA or alkynyl acid (1 eq) was dissolved in dry CH 2 Cl 2 at room temperature under constant stirring. Then, DCC (1 eq) was added, followed by a catalytic amount of DMAP and alkynyl alcohol or dehydroabietinol (1 eq) dissolved in dry CH 2 Cl 2 . The reaction was stopped by adding H 2 O, extracted with CH 2 Cl 2 , dried over Na 2 SO 4 , concentrated and purified (60%-81% yield).
General Procedure for the Synthesis of Triazole 1-16
The alkynyl esters (1 eq) and the corresponding azide (1 eq) were dissolved in t-BuOH/H 2 O (1:1), followed by the addition of CuSO 4 ·5H 2 O (2 mol%) and sodium ascorbate (10 mol%). The mixture was stirred at room temperature for 24 h. The reaction was stopped by adding H 2 O, extracted with CH 2 Cl 2 , dried over anhydrous Na 2 SO 4 , concentrated and purified by column chromatography on silica gel (54%-87% yield). Phenyl-1H-1,2,3-triazol-4-yl)pentanoyloxy) -8,11,13-abietatriene (6) . white resin; α Benzyl-1H-1,2,3-triazol-4-yl) Phenylthio)methyl)-1H-1,2,3-triazol-4-yl) propanoyloxy) -8,11,13-abietatriene (9) . yellow resin; α (((1-Phenylthio)methyl)-1H-1,2,3-triazol-4-yl) )pentanoyloxy) -8,11,13- 1-(4-Anisidyl)-1H-1,2,3-triazol-4-yl)pentanoyloxy) -8,11,13-abietatriene (12) . white resin; α -8,11,13-abietatriene (13) . white resin; α -8,11,13-abietatriene (14) . pale yellow resin; α 
18-((1-Phenyl-1H-1,2,3-triazol-4-yl)methyl)-8,11,13-abietatrienoate (1). pale yellow resin; α
18-(2-(1-Phenyl-1H-1,2,3-triazol-4-yl)ethyl)-8,11,13-abietatrienoate (2). colorless resin; α
18-(5-(1-
18-(3-(1-
18-(5-(1-Benzyl-1H-1,2,3-triazol-4-yl)pentanoyloxy)-8,11,13-abietatriene (8). pale yellow resin; α
18-(3-(((1-
18-(5-
18-(3-(1-(4-Anisidyl)-1H-1,2,3-triazol-4-yl)propanoyloxy)-8,11,13-abietatriene (11). white resin; α
18-(5-(
18-(3-(1-(3-Chlorophenyl)-1H-1,2,3-triazol-4-yl)propanoyloxy)
18-(5-(1-(3-Chlorophenyl)-1H-1,2,3-triazol-4-yl)pentanoyloxy)
18-(3-(1-(4-
Toluenesulfonyl
Antiproliferative Assay
All human cell lines used in this work were purchased from the American Type Culture Collection (ATCC, Manasas, VA, USA). Normal lung MRC-5 fibroblasts (CCL-171), SK-MES-1 lung cancer cells (HTB-58) and J82 bladder carcinoma cells (HTB-1) were grown as monolayers in minimum essential Eagle medium (MEM) with Earles's salts, 2 mM L-glutamine and 1.5 g/L sodium bicarbonate. Gastric adenocarcinoma AGS cells (CRL-1739) were grown as monolayers in Ham F-12 medium containing 1 mM L-glutamine and 1.5 g/L sodium bicarbonate. All media were supplemented with 10% heat-inactivated FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin. Cells were grown in a humidified incubator with 5% CO 2 in air at 37 °C. For the antiproliferative assay, cells were plated at a density of 5 × 10 4 cells/mL. Cells were seeded in 96-well plates (100 µL/well). One day after seeding, cells were treated with medium containing the compounds at concentrations ranging from 0 up to 100 µM during 3 days. The compounds were dissolved in DMSO (1% final concentration) and complete medium. Untreated cells (medium containing 1% DMSO) were used as 100% viability controls. Etoposide (98% purity, Sigma-Aldrich, St. Louis, MO, USA) was used as reference compound. Each concentration was tested in sextuplicate and experiments were repeated 2 times. Cell viability was determined by means of the MTT reduction assay at the end of the incubation with the products. The results were transformed to percentage of controls and the IC 50 value was obtained adjusting the dose-response curve to a sigmoidal model. The software used was OriginPro 8.1 [23].
Conclusions
Sixteen dehydroabietic acid trizaole derivatives were prepared using click chemistry. The derivatives contain structural differences such as variability of aromatic rings and linkers which allow performing structure-activity relationship. The compounds were assessed as antiproliferative agents in three human tumor cell lines and on normal fibroblasts. The most remarkable difference was observed for compounds 5 and 6, differing in the length of the linker (n:1 vs. n:3), as while compound 5 was the most active compound in this study, compound 6 was inactive. On the other hand, the tumor cell selectivity of the compounds 7 and 8 is very interesting.
